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1. INTRODUCTION 

Most  of t h e   a e r o d y n a m i c   t e s t i n g   f a c i l i t i e s   s u p p o r t i n g   t h e  
major  aerospace  programs were conceived  and  developed i n   t h e  
la te  1940's and e a r l y  1950's. While   these   fac i l i t i es   have   been  
i n v a l u a b l e   i n   t h e   p a s t ,   r e c e n t   e x p e r i e n c e s   h a v e   r e v e a l e d   i n a d e -  
q u a c i e s .   F a i l u r e   i n   p r e d i c t i n g   t h e   p e r f o r m a n c e   o f  a modern air- 
c r a f t   c a n   l e a d   t o   i n t o l e r a b l e   l o s s e s  of t i m e ,  manpower, and 
economic  resources. Test facilities therefore   need   to   min imize  
t h i s   p o s s i b i l i t y  by c l o s e   s i m u l a t i o n   o f   a c t u a l   f l i g h t   c o n d i t i o n s .  

Among the   mos t   impor t an t   s imi l i t ude   pa rame te r s   fo r   f l i gh t  
v e h i c l e   t e s t i n g  are t h e  Mach number (M) and  the  Reynolds number 
(Re). M i s  def ined  as the   f l ow  ve loc i ty   d iv ided  by the   speed  
of  sound. A change in   th i s   parameter   can   comple te ly   change   the  
n a t u r e  of the  f low  around a body. R e  i s  def ined  as t h e   r a t i o  
of t h e   c h a r a c t e r i s t i c   i n e r t i a l   f o r c e   t o   t h e   c h a r a c t e r i s t i c  
v i scous   fo rce .  It measures  the relative importance  of  viscous 
e f f ec t s ,   t ak ing   t he   fo rm  o f   t he   p roduc t  of a d e n s i t y ,   v e l o c i t y ,  
and length   d iv ided  by a c o e f f i c i e n t   o f   v i s c o s i t y .  The l a r g e  
speeds  and  s izes   of  modern f l i g h t   v e h i c l e s   l e a d   t o   e x t r e m e l y  
l a r g e  Re,  w i t h   e v e n   l a r g e r   v a l u e s   t o   b e   e x p e c t e d   i n   t h e   f u t u r e .  
It is known t h a t  h igh -Re   f l ows   i nvo lve   sub t l e t i e s   t ha t  make i t  
d i f f i c u l t   t o   c o r r e c t   f o r   t h e   e f f e c t s  of  improper  Re-simulation. 

F igure  1 shows t h e   p r e s e n t  R e  c a p a b i l i t y   i n   t h i s   c o u n t r y  
as a func t ion  of tes t  M. The f i g u r e   a l s o   i n d i c a t e s   t y p i c a l  
ope ra t ing   cond i t ions   fo r   va r ious  modern v e h i c l e s .  A s t r i k i n g  
f a c t  i s  t h a t   t h e r e  is now an  order-of-magnitude  discrepancy 
between  the R e  a v a i l a b l e   a n d   t h a t   r e q u i r e d .   F u r t h e r ,   t h i s  con- 
d i t i o n  exists over  the  whole M range   and   inc ludes   such   d iverse  
v e h i c l e s  as VSTOL a i r c r a f t ,   s o n i c   a n d   s u p e r s o n i c   t r a n s p o r t s ,  
and  re-entry  systems. The discrepancy is  caused  by  the ex- 
treme cos t s   i nvo lved   i n   p rope r   s imu la t ion :  a conventional  wind 
t u n n e l   c a p a b l e   o f   f u l l   s i m u l a t i o n   f o r  a supe r son ic   t r anspor t  
would r e q u i r e  a dr ive   motor   wi th   over  a mill ion  horsepower  and 
a na t iona l   i nves tmen t   app roach ing   one   b i l l i on   do l l a r s !  
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W h i l e   c o n t i n u o u s   f a c i l i t i e s  may u l t ima te ly   be   cons t ruc t ed ,  
a l ikely  immediate  approach is the   use   o f   quas i - s teady   tes t ing  
devices .  An example is t h e  blow down wind  tunnel;  however, a 
more f l e x i b l e  and  economical  approach may be  provided  by modi- 
f i c a t i o n s  of   the  shock-tube  devices   or iginal ly   developed  for  
re -en t ry   research .   These   eas i ly   ach ieve   the   requi red  Re and M 
f o r   s h o r t   p e r i o d s   o f  t i m e .  S i n c e   t h e i r  rate of   data   product ion 
w i l l  obviously  be low  compared with  that   f rom  convent ional   wind 
tunnels ,   the   quas i - s teady   devices  w i l l  compliment  existing 
f a c i l i t i e s   r a t h e r   t h a n   r e p l a c e  them. 

The fo l lowing   tex t   d i scusses   var ious   quas i - s teady   conf igu-  
r a t ions ,   t he   p rob lem  o f   i n su r ing   su f f i c i en t  test t i m e ,  and  the 
tes t - f low  qua l i ty   tha t   can   be   expec ted .  The experimental   prb- 
gram a t  the  Aerospace  Research  Laboratory  of  the  University  of 
Washington is then   br ie f ly   rev iewed.  While the  emphasis  here 
is on the  development   of   pract ical   designs  to  meet the  needs  of 
t he   ae rospace   i ndus t ry ,   bas i c   s tud ie s   o f   h igh  R e  aerodynamics 
are a major par t  of t h e   a c t i v i t y .  
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2. TEST-FACILITY  CONFIGURATIONS 

I n  1955, Ludwieg’ proposed   the   conf igura t ion  shown i n   F i g .  
2 as a means  of gene ra t ing  high-Re  flow. A pressur ized   tube ,  
the   supply   tube ,  is connected  to  a nozzle   and test s e c t i o n .  
The rupture   o f  a diaphragm causes an  expansion wave t o  propa- 
g a t e  down the   t ube   t owards   t he   c losed   end ,   and  a s teady   f low is 
soon set  up in   t he   nozz le .   Subsequen t  work i n   t h e   U n i t e d  King- 
dom’ and in   J apan3   ou t l i ned   t he   pe r fo rmance   o f  Ludwieg tubes  
f o r   i n v e s t i g a t i o n   o f  high-Re base   f l owy4  a group i n  Germany is  
us ing   hea ted  Ludwieg tubes  to   s tudy  hypersonic   f low,   and  the 
NASA Marsha l l   Space   F l igh t   Center  is t e s t i n g  a Ludwieg tube  
4 f t .  i n   d i a m e t e r  as a p i l o t   f o r  a proposed   fu l l - sca le  
f a c i l i t y .   I n   a d d i t i o n ,  a group at the  Arnold  Engineer ing 
Development Center  has  designed a f u l l - s c a l e   f a c i l i t y   u t i l i z -  
i ng  a c o o l e d   d r i v e   t u b e   ( t o   i n c r e a s e   a v a i l a b l e  R e ) ,  and   there  
are v a r i o u s  aircraft company s t u d i e s  of t h i s   t y p e  of f a c i l i t y .  

The Re  capab i l i t y   o f   s imp le  Ludwieg tubes  is i l l u s t r a t e d  
i n   F i g .  3 ,  where test s e c t i o n  Re  p e r   f o o t  i s  p l o t t e d  vs tes t  
s e c t i o n  M f o r  a device  whose tes t - sec t ion   d iameter   (d)   equa ls  
the  supply- tube  diameter   (ds) .  The supply- tube  pressure (P4) 
w a s  chosen   to   be  2000 p s i .  A comparison  with  Fig. 1 reveals 
t h a t   s u c h  a tube   can   produce   fu l l - f l igh t  R e  with  models  having 
a c h a r a c t e r i s t i c   l e n g t h  of s l i gh t ly   ove r   one   foo t .  However, 
t h e r e  i s  a ser ious   p roblem  in   cons t ruc t ing   and   suppor t ing  
models t o   t a k e   t h e   h i g h   p r e s s u r e  levels. The  wing-root  bending 
stresses can  be shown t o   b e   d i r e c t l y   p r o p o r t i o n a l   t o   t h e  dynam- 
i c  p res su re   o f   t he  test f low  (4) .  Estimates are t h a t  a s l ende r  
t ransport   wing made of  high-strength steel  could   wi ths tand  a q 
of   on ly   10   ps i  when operated a t  a r e p r e s e n t a t i v e   a n g l e  of a t t a c k .  
The q produced  by  the  simple Ludwieg tube   wi th  P4 of 2000 p s i  
is a l s o  shown i n   F i g .  3.  Clea r ly ,  high-Re t e s t i n g   o f  conven- 
t i o n a l   f l i g h t   v e h i c l e s  w i l l  h a v e   t o   b e   d o n e   i n   l a r g e   f a c i l i t i e s .  

A two-stage  nozzle   configurat ion  being  developed a t  t h e  
Univers i ty   o f   Washington   for   chemica l   k ine t ic   s tud ies7  may a l s o  
h a v e   u s e f u l   a p p l i c a t i o n   t o  Ludwieg tubes .  The des ign  is 
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Figure 2. Conventional  Ludwieg  Tube  (Cutaway  Nozzle) 
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i l l u s t r a t e d  on Figure  4 .  A f i r s t - s t a g e   n o z z l e   o r   o r i f i c e   p l a t e  
is used   t o   qu ick ly  expand the   f l ow  f rom  the   supp ly   t ube   t o  
supersonic  M. I f   t h e  area of t h e   t e s t - s e c t i o n   n o z z l e   t h r o a t  i s  
made l a r g e r   t h a n   t h e   f i r s t - s t a g e   t h r o a t  area, a shock  system 
can  be  formed  between  the two t h r o a t s .   T h i s   d r o p s   t h e   t o t a l  
p ressure   o f   the   f low,   and  mass con t inu i ty   t hen   r equ i r e s  a cor- 
r e s p o n d i n g   i n c r e a s e   i n   t h e  downstream t h r o a t  area. P res su re  
capab i l i t y   o f   t he   supp ly   t ube   can   t hus   be   t r aded   fo r   i nc reased  
t e s t - sec t ion   d imens ions ,   r e su l t i ng   i n   l ower  dynamic p res su re  
f o r   t h e  same Re  based  on  d. The conf igu ra t ion  of  Figure 4 was 
proposed earlier by F a l k 4 ,   f o r   e s s e n t i a l l y   t h e  same reasons.  

The  performance  of Ludwieg tubes  using  two-stage  nozzles  
i s  i l l u s t r a t e d  by Figure  5, where Re  p e r   u n i t   o f  ds and  PI+ is 
p lo t ted   versus   the   device   geometry .  R e  is based  on  f reestream 
p r o p e r t i e s   i n   t h e  test sec t ion   and  on  d.  The f i g u r e  is  f o r  un- 
hea ted   n i t rogen   w i th  M = 3.  The r a t i o  of  supply-tube  diameter 
t o   f i r s t - s t a g e   t h r o a t   d i a m e t e r  (ds/d*) is f i x e d   f o r   e a c h   s o l i d  
curve .   Increas ing   the   d imens ionless  test sec t ion   d i ame te r  
(d/ds)   with  ds/d*  f ixed  requires   an  increased  pressure  loss ,  
which i n   t u r n   d e c r e a s e d  Re i n   s p i t e  of the   increased   d .  The 
h igh  Re end  of  each  curve is where  no t o t a l   p r e s s u r e   l o s s e s  
o c c u r ,   s o   t h a t   t h e   s i n g l e   l i n e   c o n n e c t i n g   t h e s e   p o i n t s   c o r r e -  
sponds to   the   per formance   ava i lab le   f rom  convent iona l  Ludwieg 
tubes.   Lines  of  dimensionless  test-section  dynamic  pressure 
are i n d i c a t e d  by the   dashed   l i nes .  It is s e e n   t h a t   s t a g i n g  
o f f e r s   l a r g e   d e c r e a s e s   i n  dynamic p r e s s u r e   f o r   f i x e d  R e  capa- 
b i l i t y .  Whereas a convent ional  Ludwieg tube  must   use  large ds 
and  low P4 to   keep   t he  dynamic p res su re  low, the  two-stage  design 
uses  a small ds a t  high  P4. The new des ign  may permi t   the   use  
of  components  of e x i s t i n g   f a c i l i t i e s .  It may a l so   have   t he  
important  advantage  of  simpler  and less c o s t l y   s t a r t i n g   d i a -  
phr agms . 

O t h e r   t e s t - f a c i l i t y   c o n f i g u r a t i o n s  are being  considered 
i n   a d d i t i o n   t o   t h e  Ludwieg tube   and   the   modi f ied   vers ion   jus t  
d i scussed .  Among these  are t h e   u s e  of the  gas   behind  the  shock 
wave i n  a conventional  shock  tube,  and u s e  of t h e   r e f l e c t e d  
shock  tunnel   developed  for   re-entry  research.  While the  

7 



Figure 4 .  Modified  Ludwieg Tube 
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Figure 5. Performance of Modified  Ludwieg  Tube  (Test-Section 
Mach No. = 3; Unheated  Air) 



t e s t i n g  times and  Reynolds  numbers are somewhat reduced  with 
these   conf igu ra t ions ,   t hey  d o   p r o v i d e   t h e   p o s s i b i l i t y  of cor- 
rect temperature   s imulat ion.  It is i n t e r e s t i n g   t o   n o t e   t h a t  
two-stage  nozzles are r e a d i l y   a d a p t a b l e   t o   t h e   r e f l e c t e d  
shock- tunnel   conf igura t ion ,  and indeed were i n i t i a l l y   d e v e l o p e d  
t o   b e   d r i v e n   i n   t h i s  manner. 
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I II 

3. TIME CONSIDERATIONS 

Q u a s i - s t e a d y   f a c i l i t i e s  w i l l  b e   u s e f u l   f o r  high-Re s t u d i e s  
only  i f   t h e   a v a i l a b l e  test t i m e  considerably  exceeds  the time 
r e q u i r e d   t o  set up  steady  f low  about  the  model.  The m a x i m u m  
a v a i l a b l e   t e s t i n g  t i m e  f o r  a Ludwieg tube  i s  t h e  t i m e  measured 
from the   d i aphragm  rup tu re   un t i l   t he   head   o f   t he   expans ion  wave 
h a s   t r a v e l l e d  down the   supp ly   t ube   and   r e f l ec t ed   back   aga in   t o  
t h e  test sec t ion .   Th i s  t i m e  varies between  1.7-2R/a4,  depending 
on t h e   s t r e n g t h  of the   expans ion  wave. Here R is the   l engtQ  of  
the  supply  tube  and a4 is the  undis turbed  sound  speed.  Some of 
t h e  test  t i m e  w i l l  be   t aken  up with  opening  the  diaphragm  and 
s t a r t i ng   t he   nozz le   f l ow.   Gene ra l ly ,   t he   d i aphragm  open ing  t i m e  
is comparatively  unimportant,   whereas a c h a r a c t e r i s t i c s   c a l c u l a -  
t i o n   h a s  shown that  approximately  5L/a4 is needed t o   e x t r a c t   t h e  
s t a r t i ng   shock   f rom a M = 3 nozz le   wi th  a downstream  diaphragm. 
The nozz le   l eng th  L must  be a t  least e q u a l   t o  3-4 exit  diameters  
for  uniform  flow.  Thus,  a t  least 10d  of  supply  tube i s  necessary  
mere ly   to  start the   nozz le   f low.   Hypersonic   shock- tunnel   s tud ies  
have shown t h a t   n o z z l e s  start fas te r   wi th   ups t ream  d iaphragms;  
however, l a r g e   l o s s e s  are p o s s i b l e   f o r   t r a n s o n i c   n o z z l e s   w i t h  
e i the r   d i aphragm  loca t ion .  

A more s e r i o u s  loss i n   a v a i l a b l e  time would  be  expected  for 
the  two-stage  design.   This  may a l so   be   ana lyzed  by t h e  method 
o f   c h a r a c t e r i s t i c s ,   b u t   u s e f u l   i n f o r m a t i o n   c a n   b e   o b t a i n e d  
through  simple  mass-flow  considerations.  It is  f o u n d   t h a t   t h e  
t i m e  t aken   t o   r each  90% of f i n a l  mean pressure  between  the 
s t a g e s  is e q u a l   t o  4V/a~+Az*,  where Ap* is the  area of t h e  sec- 
ond t h r o a t  and V i s  the   be tween-s tage   vo lume.   Shor te r   s ta r t ing  
times are p r e d i c t e d   i f  V i s  i n i t i a l l y   f i l l e d   t o  some in t e rmed ia t e  
p r e s s u r e ,   b u t  now s t r o n g   s t a r t i n g  waves would be  expected  to  re- 
f l e c t   b e t w e e n   t h e  two t h r o a t s  so  t h a t   t h e   s i m p l e   a n a l y s i s  may b e  
less u s e f u l .  The ca l cu la t ion   does  show the  importance  of   keeping 
t h e   i n t e r s t a g e  volume small, and i t  po in t s   t o   t he   need   t o   e s t ab -  
l i s h  how t h e   u s e  of  very  very small volumes w i l l  a f f e c t   t h e  
q u a l i t y  of test f low.   Present  estimates are t h a t  a two-stage 
des ign   wi th   apprec iab le  d enhancement  could  take 3-4 times as 
l o n g   t o  start as t h e  M = 3 n o z z l e   w i t h   t h e  downstream  diaphragm 
and  the same exi t   d imens ions .   Whi le   no t  a s e r i o u s   l i m i t a t i o n   i n  



i tsel f ,  t h i s   l o s s   m u s t   b e   k e p t   i n  mind when cons ide r ing   t he   u se  
of the  two-stage  design.  

I n   a d d i t i o n   t o   t h e   f a c i l i t y  start t i m e ,  i t  is  n e c e s s a r y   t o  
know t h e  time r e q u i r e d   t o   e s t a b l i s h   s t e a d y   f l o w   a b o u t   t h e  model. 
The  flow-establishment time f o r  a s i m p l e   f l a t   p l a t e  i s  reason- 
ab ly  w e l l  understood. A t  zero   angle   o f  attack, t h e   i n v i s c i d  ex- 
t e r n a l   f l o w   f i e l d  i s  e s t a b l i s h e d  as soon as t h e   p l a t e  is f u l l y  
immersed i n   t h e  test  flow.  For a l i f t i n g   f l a t p l a t e ,  time is  
r e q u i r e d   t o   c o n v e c t   t h e   s t a r t i n g   v o r t i c e s   s u f f i c i e n t l y   f a r  down- 
stream t h a t   t h e y   c o n t r i b u t e  a n e g l i g i b l e   i n f l u e n c e  on t h e  model. 
Whi l e   ze ro   i n f luence   wou ld   r equ i r e   an   i n f in i t e  time, incompress- 
i b l e   c a l c u l a t i o n s ’   s u g g e s t   t h a t   o n l y  10-100  body l eng ths  are 
r e q u i r e d   f o r  a l l  prac t ica l   purposes .   Compress ib le   f low  requi re -  
ments   should  be  even less due to   t he   dec reased   ups t r eam  in f luence  
of t h e   s t a r t i n g   v o r t i c e s .   E a r l y  work  on the  impulsive  motion  of 
a f l a t   p l a t e   i n d i c a t e s   t h a t   o n l y  2-3 body l eng ths  are necessary  
t o   e s t a b l i s h  a steady  boundary-layer.  Our approximate  calcula-  
t i o n s   f o r   f l a t - p l a t e   f l o w  are in agreement   wi th   these   resu l t s .  
Recent   measurements   using  heat- t ransfer   gages  in  a shock  tube 
a l s o   i n d i c a t e   t h a t   t h r e e  body l eng ths  are required,   even when 
the   boundary   l ayers  are unde rgo ing   t r ans i t i on   t o   t u rbu lence .  
The ava i lab le   ca lcu la t ions   need   to   be   re f ined   and   checked  by 
more sensi t ive  experiments;   however ,  i t  seems u n l i k e l y   t h a t  
very   long   f low  lengths  are needed   t o   e s t ab l i sh   s t eady   f l ow  abou t  
s i m p l e   f l a t   p l a t e s  as long as the  boundary-layers   remain  a t tached.  

1 0  

More complicated  models  present a somewhat d i f f e r e n t   s t o r y .  
A recent   exper imenta l   s tudy   of   the   osc i l la t ing   forces  on spheres”  
shows t h a t  more than   ha l f  of t h e   e n e r g y   i n   t h e   f l u c t u a t i n g   l i f t  
i s  a s soc ia t ed   w i th   f r equenc ie s  whose c h a r a c t e r i s t i c   l e n g t h  is 
grea te r   than   100   d iameters .   Indeed ,   the  maximum s p e c t r a l   d e n s i t y  
of t he   f l uc tua t ing   l i f t   co r re sponded   t o   wave leng ths   exceed ing  
1000  sphere   d iameters ,   wi th   10%  of   the   energy   t i ed  up i n   l o n g e r  
wavelengths.  The long  wavelength  forces arise through a complex 
coup l ing   w i th   t he   l a rge - sca l e   edd ie s   i n   t he  wake. Re-sensi t ive 
flows may involve  such  long  wavelengths ,   and  thus may r e q u i r e  
l o n g   f l o w   l e n g t h s   t o   f u l l y   e s t a b l i s h .   T h i s  i s  c e r t a i n l y   t r u e  
for   the   type   o f   shock   boundary- layer   in te rac t ion   tha t   has   been  
i d e n t i f i e d  as a cause   o f   engine   fa i lure  on some new a i r c r a f t  de- 
s igns .  Here many f r equenc ie s  are involved ,   inc luding   the  
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resonant  aerodynamic  frequencies of the  inlet  duct  itself.  There 
is  now  some  evidence  that  "organ-pipe"  frequencies  exist  in  much 
simpler  separated  flows. 

A Ludwieg  tube  with a supply  tube  lOOd  long  will  provide a 
test  flow  of  approximately 400d at M = 3. The  test-flow  length 
drops  almost  directly  with M as M is  lowered.  The  seriousness  of 
the  problem  of  test-length  limitations  depends on the  nature  of 
the  model-flow  starting  process  and  the  degree  of  precision  re- 
quired of.the measurements. 



4. now QUALITY 

High-quality tes t  flows are r e q u i r e d   i n   o r d e r   t o   s t u d y  Re- 
s e n s i t i v e  phenomena. For  example,   investigations  of  f lows  in- 
vo lv ing   boundary- layer   t rans i t ion  w i l l  no t   represent   a tmospher ic  
f l i g h t   c o n d i t i o n s   u n l e s s   t h e  test  f low  has  low v o r t i c i t y   a n d  
turbulence  levels. A t  h igh  M i t  may even   be   necessary   to  con- 
s ide r   no i se   f rom  the   t u rbu len t   boundary   l aye r s  on the  wind-tunnel 
walls. Quas i - s t eady   f ac i l i t i e s   shou ld   p rov ide   h igh -qua l i ty   f l ows  
i f  care is  t aken   w i th   poss ib l e   sou rces  of   f low  vor t ic i ty ,   such  as 
t h e   f i r s t   s t a g e   i n   t h e   t w o - s t a g e   c o n f i g u r a t i o n .  

A convenient way t o  c o n s t r u c t   t h e   f i r s t - s t a g e   n o z z l e  is  t o  
u s e  a p l a t e   w i t h  many small o r i f i c e s ,   s u c h  as i n d i c a t e d   i n   F i g .  
4 .  The  underexpanded f r e e  j e t s  i s su ing   f rom  the   i nd iv idua l   o r i -  
f i c e s  w i l l  each  have  an  encompassing  barrel   shock wave terminated 
by a normal  shock  ( the Mach d i s c ) .  By comparing  the mass flow 
through  the  Mach d i s c   w i t h   t h a t  a t  t h e   t h r o a t ,  i t  is found  tha t  
over  90% of   the   f low is  t h r o u g h   t h e   v a r i a b l e - s t r e n g t h   b a r r e l  
shock.  Although  the mean s t r e n g t h  of t h i s   shock   sys t em must be  
g iven  by the   one-d imens iona l   re la t ions ,   the   de ta i led   f low is  
f a r  f rom  one  dimensional .   Large  entropy  gradients  are expected 
t h a t   c o u l d   s e r i o u s l y   a f f e c t   t h e   q u a l i t y  of t h e   f l o w   i n   t h e  test  
reg ion .  By r e d u c i n g   t h e   o r i f i c e   d i a m e t e r  as f a r  as s t r e n g t h  
and   v i scous   l o s s   cons ide ra t ions  w i l l  a l low,   the  scale of t h e  
v o r t i c i t y  w i l l  be   reduced   and   the   ava i lab le   d imens ionless   decay  
length  increased.   Addit ional   smoothing may be  provided  through 
the   u se  of f i n e   s c r e e n s .   S h o u l d   t h e   o r i f i c e   o r   s c r e e n   g r i d  
s t i l l  produce  unacceptable   f low  qual i ty  a t  t h e  test  s e c t i o n ,   a n  
a r r a y  of   contoured  nozzles   or   perhaps  even a s ingle   contoured  
nozz le  may have   to   be   used  as a f i r s t - s t a g e .   I n   t h e  la t ter  case, 
t h e   t h r o t t l i n g   s h o c k  wave w i l l  i n t e r a c t   w i t h   t h e   t u r b u l e n t  
boundary  layer   to   produce a Mach r e f l e c t i o n   t h a t   e x t e n d s   o u t   i n -  
to   the   f low.   This   source   o f   nonuni formi ty   can   be  removed w i t h  
boundary-layer  bleeding. 

The pressure  and  temperature   feeding a Ludwieg tube   nozz le  
are c o n s t a n t   i n   t h e   a b s e n c e  of   viscous  effects .   Becker12  has  
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s tudied   the   supply- tube   boundary   l ayer   and   found  tha t  i t  causes  
r e l a t i v e l y  small v a r i a t i o n s   i n   t o t a l   p r e s s u r e  (2%) i f   t h e   t u b e  
is no  more  than  100  diameters  long. However, the  boundary- 
l a y e r s  are t u r b u l e n t ,   a n d   t h e   a c t u a l   v e l o c i t y   t h i c k n e s s   c a n   b e  
such  that   opposing  boundary-layers   touch.  Such condi t ions  
c o u l d   c a u s e   s e r i o u s   t e m p o r a l   a n d   s p a t i a l   v a r i a t i o n s   i n   t h e  
nozz le  test f l o w ,   p a r t i c u l a r l y  i-f the  supply- tube M is h igh .  
It w a s  shown tha t   the   two-s tage   des ign   a l lows   the   use   o f   reduced  
d i ame te r   supp ly   t ubes   t o   d r ive  a nozz le   wi th  a f ixed   d iameter .  
For   the same test time, t h e   s u p p l y   t u b e   f o r   t h i s   c o n f i g u r a t i o n  
w i l l  t h e r e f o r e   b e  many d iame te r s   l onge r   t han   t ha t   fo r  a stand-  
a r d  Ludwieg tube.   This  w i l l  increase   the   impor tance   o f   the  
v iscous   e f fec ts ,   u l t imate ly   caus ing   the   supply- tube   f low  to  as- 
sume some of t h e   f e a t u r e s   o f  a developed  pipe  f low. 

Analysis   of   the   supply- tube  f low starts wi th  a cons idera t ion  
of   the   tu rbulen t   wal l -boundary   l ayer   d r iven  by an  expansion wave. 
Simplifying  assumptions are needed i n   o r d e r   t o  make the  problem 
t r a c t a b l e .  The pr inc ipa l   assumpt ion   in   Becker ' s   ana lys i s  i s  
t h a t   t h e   d e n s i t y  is constant   across   the  boundary  layer ,   whi le  
Mirels13 assumes tha t   the   expans ion  wave has   zero   th ickness .  
The r e s u l t s  of t h e s e  two ana lyses  are p r e s e n t e d   i n   F i g .  6 .  
Here 6 is  the  boundary-layer   thickness  a t  the  diaphragm  end  of 
the  supply  tube when the  expansion wave has   reached   the   c losed  
end. It is p l o t t e d   i n  terms of P4 and R vs M f o r   n i t r o g e n  a t  
300OK. The assumptions  used  in  developing  the  models are more 
n e a r l y   c o r r e c t  a t  low M, and t h i s  is r e f l e c t e d   i n   t h e  relative 
agreement  between  the two c a l c u l a t i o n s   n e a r  M = 0. A t  h igher  
va lues  of M the  disagreement  becomes g r e a t e r ,  as does  the un- 
c e r t a i n t y   t h a t   e i t h e r  model is c o r r e c t .  The boundary-layer  be- 
comes more  complex as the  expansion wave r e f l e c t s   o f f   t h e   c l o s e d  
end.  Further  complication i s  to   be   expec ted   fo r   l a rge   a spec t -  
r a t i o   t u b e s ,   f o r  which  boundary-layer   analysis   ul t imately  breaks 
down. 

The viscous- induced  nonuniformit ies   in   shock  tubes  and 
shock  tunnels  are similar t o   t h o s e   t h a t   o c c u r   i n  Ludwieg tubes.  
The non-steady  boundary  layer  behind a t r ave l l i ng   shock  wave is 
reasonably w e l l  unders tood ,   and   the   e f fec t  on f low  p rope r t i e s  
can  be  es t imated;   however ,   ref lected  shock  tunnels   involve com- 
p l i ca t ed   r e f l ec t ed - shock   boundary   l aye r s   t ha t   can   i n t roduce  
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Figure 6. Turbulent  Boundary-Layer  Thickness at Origin of a Centered 
Expansion Wave (Nitrogen;  T4 = 300'K) 



nonuniformities  similar  in  magnitude to those expected in a 
Ludwieg tube. Fortunately, the shock  Mach  numbers proposed 
for the present application are low enough  that the phenomena 
of reflected shock  bifurcation will not occur; thus a major 
source of nonuniformity in reservoir flow is removed. 
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5. DISCUSSION 

The p rev ious   s ec t ions   have   dea l t   w i th   t he   des ign   and  ex- 
pec ted   per formance   of   quas i - s teady   fac i l i t i es .  A small r e sea rch  
tube   has   been   pu t   toge ther  a t  the   Un ive r s i ty  of Washington i n  
o r d e r   t o   l o o k   f u r t h e r   i n t o   t h e   g e n e r a l   a p p l i c a b i l i t y   o f   q u a s i -  
s t e a d y   f a c i l i t i e s   f o r   t h e   s t u d y   o f   h i g h  Re  flows. A M = 3 noz- 
z l e  i s  used  which i s  f e d  by a 20-foot  supply  tube  equipped  with 
v a r i o u s   o r i f i c e   p l a t e s .  The nozz le  test s e c t i o n  is 3 x 4 inches  
i n   c r o s s   s e c t i o n .  The tes t  flow dumps i n t o  20 f e e t  of  rectangu- 
lar  tub ing  . 

Measurements  have  been made of t h e   p r e s s u r e   h i s t o r y   i n   t h e  
supply  tube.  These are being  used  to   check  an  analyt ical   model  
deve loped   t o   exp la in   t he   p re s su re   d rop   fo r   va r ious   ope ra t ing  
conditions.   Actual  measurements of the  non-steady  expansion 
wave boundary-layer w i l l  be   unde r t aken   on ly   i f   un fo reseen   d i f f i -  
c u l t i e s  are experienced  in   understanding  the  supply  tube  nonuni-  
formit ies .   Prel iminary  shadowgraphs  have shown t h e   f l o w   s t a r t i n g  
d e t a i l s .  The s t a r t i n g  times for   two-stage  nozzles  are i n  rough 
agreement   wi th   the   p red ic t ions .  

Considerable  work remains  to   be  done  before   the  quest ions 
r a i s e d   i n   t h e  body  of t h i s   r e p o r t  are sa t i s f ac to r i ly   answered .  
More s e n s i t i v e  measurements w i l l  be  needed,  such as may be  pro- 
vided by ho t  wire, i n t e r f e r o m e t e r ,   o r  laser sca t t e r ing   t echn iques .  
Once t h e   f l o w   s t a r t i n g  times and   f low  qua l i ty   have   been   carefu l ly  
es tab l i shed ,   the   exper iments  w i l l  be   d i r ec t ed   t o   de t e rmin ing   t he  
s t a r t i n g  t i m e  for   the  f low  about   models   expected  to  show Re- 
s e n s i t i v i t y .   S t u d i e s  of  high-Re  aerodynamics w i l l  t hen   be  
undertaken,   ul t imately  using  the  Universi ty   of   Washington  7- inch 
h igh   pressure   shock   tube   to   ex tend   the   range   of  R e  a v a i l a b l e .  
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